O^alkylguanine-DNA-alkyltransferase (ATase) activity was increased in rat liver from 80 to 320 fmoles/mg total protein 48h after administration of 2-acetylaminofluorene at 60 mg/kg body weight. This tissue was used as a source of ATase which was purified by ammonium sulphate precipitation and DNA-cellulose, molecular exclusion and ion exchange chromatography (IEC). IEC purified material showed a major 24kDa band after polyacrylamide gel electrophoresis (PAGE) with silver staining. Fluorography of purified ATase following incubation with [ 3 H]-methylated substrate DNA and PAGE showed a single band at 24kDa suggesting that, as with bacterial ATases, the protein itself accepts the alkyl group from C^-alkylguanine in substrate DNA during the repair reaction. Further purification of the protein using reverse phase HPLC resulted in a single peak representing -125,000 fold purification. This was subjected to amino-terminal sequencing and it was found that the protein was blocked at the aminoterminal end: it was cleaved using trypsin or cyanogen bromide and the amino acid sequence of several reverse phase HPLC purified fragments was determined.
INTRODUCTION
The reaction of alkylating agents with DNA is thought to be responsible for the wide range of biological effects that such agents induce in pro-and eukaryotes (1) . A large number of different alkylation products have been identified in DNA (2) (3) (4) and organisms have evolved a variety of repair mechanisms to deal with many of them and hence reduce the detremental effect of these agents (1, 3, 5) . One such product, C^-alkylguanine, is a toxic, mutagenic and probably transforming lesion (1, 3) and bacteria and mammalian cells contain enzymes that can repair this damage (4) . One of these is C^-alkylguanine-DNAalkyltransferase (ATase) which acts by transfer of the alkyl group to a cysteine residue within the repair protein itself (in the case of the bacterial proteins) in an autoinativating stoicheiometric reaction (6 -8) .
In E.coli two genes encode ATases: the constitutively expressed non-inducible ogt gene that encodes a 19kDa ATase (9, 10) and the inducible ada gene that encodes a 39kDa protein (8,11 -13) , the 19kDa cleavage product of which is another ATase. The substrate specificity of these enzymes is slightly different, the ogt ATase acting on (T'-alkylthymine (CH-alkTjH) and higher (^-alkylated guanine residues in DNA at a higher rate than the ada ATase (15) . The constitutively expressed B.Subtilis ATase gene Datl has also recently been cloned and sequenced (16) but it's biochemical characteristics have not yet been studied extensively. Although mammalian ATases do not act on (T'-alkT in DNA (17, 18) , with respect to their action on higher C^-alkylated guanines they more closely resemble the ogt than the ada gene products (15, 19) .
In rat liver, ATase activity can be increased 3 to 5 fold by chronic or acute administration of carcinogens, partial hepatectomy or ionising radiation (3) . In order to examine, amongst other things, the mechanism of this upregulation in ATase expression, it was considered neccesary to purify the protein both for antibody production and for cDNA isolation. Previous attempts to purify the rat liver ATase have been only partly successful, increases of up to -4000 fold being reported (20) . Here we present the ~ 125,000 fold purification of rat liver ATase to apparent homogeneity and the amino acid sequences of a number of tryptic and cyanogen bromide cleavage peptides.
MATERIALS AND METHODS

Preparation of Extracts for Chromatography
ATase was induced by administration of 2-acetylaminofluorene to male Wistar rats at 60mg/kg body weight and extracts were prepared for ammonium sulphate fractionation as described elsewhere (21) . Proteins precipitated between 35% and 50% Theoretical maximum specific activity.
saturation with ammonium sulphate at O°C were resuspended in buffer E (50mM tris, lmM EDTA, 6mM 2-mercaptoethanol pH7.8) and dialysed against the same buffer. Dialysed samples were clarified by centrifugation at 4°C before being subjected to chromatography, all procedures except HPLC being carried out at 4°C.
DNA Cellulose Chromatography
Single stranded DNA cellulose (Sigma) was resuspended in buffer I (50mM tris, lmM EDTA, 3mM dithiothreitol pH8.3) containing 0.5M NaCl and packed in a glass column to give a 3 cm x 10 cm bed. This was equilibrated with buffer I at 40ml/hr and the sample applied: 5ml fractions were collected. Elution was with buffer I until the A 280 of the eluate reached background levels then with buffer I containing 0.1M NaCl for 3hr and subsequently with buffer I containing 0.25M Nacl. The 0.25M NaCl buffer eluted a major peak of A 280 absorbing material and this was followed by a broad peak of ATase activity. Fractions containing the majority of this peak were pooled and concentrated to 2ml by ultrafiltration using an Amicon YM10 filter. The retentate was clarified by centrifugation before further purification.
Sephacryl S-200 Chromatography
DNA cellulose purified, concentrated samples were subjected to chromatography on a 1.5 cmx85 cm column of Sephacryl S-200 (Sigma) eluting with buffer I at 30ml/hr. Fractions (4rnl) were collected and those containing the majority of the ATase activity were combined for further purification.
Ion Exchange and Reverse Phase HPLC
Sephacryl purified samples were applied to a 1 cm x 8 cm column of Trisacryl (LKB) equilibrated with buffer I: lml fractions were collected. The column was washed with buffer I, then with a linear gradient from buffer I to buffer I containing 0.35M NaCl.
The ATase eluted at a position equivalent to O.23M NaCl.
Fractions containing the ATase activity were analysed by PAGE with silver staining and by fluorography (see below) and subjected to reverse phase HPLC under conditions described in Fig. 2 .
Assay of Alkyltransferase Activity Crude extracts, ammonium sulphate fractions, fractions collected during chromatography and pooled materials were assayed for ATase activity and, when possible, protein content as described previously (22, 23) .
Polyacrylamide Gel Electrophoresis
The methods used for PAGE with silver staining and PAGEfluorography have been specified previously (10, 14) . 
Peptide Sequencing
Purified materials were subjected to amino terminal sequencing (24) using an ABI470A gas phase sequencer, amino acids being identified using a 120A analyser. Table 1 shows a typical purification chart. At the later stages of purification, especially following IEC, accurate estimation of specific activity would have consumed a significant portion of the ATase available and the value presented for the Sepharcryl S-200 material is somewhat inaccurate. The specific activity of the HPLC purified material is calculated assuming the homogeneity of the protein and a molecular weight of 24kDa. We estimate that in a typical purification run less than 10/tg of pure ATase was obtained from 240g of rat liver. PAGE with silver staining of IEC fractions containing ATase are presented in figure 1A . Fractions 20 and 21 contained the majority of the eluted ATase and sample overloading has revealed the presence of trace contaminants of between 29 and 45kDa and a possible minor contaminant at 26kDa. These would not have been detected if smaller samples were used (e.g. fraction 22). Samples of these fractions were subjected to PAGE with fluorography and this demonstrated that the IEC peak contained a single ATase molecular weight species ( Figure IB) . Figure 2 is a compilation of reverse phase HPLC elution profiles indicating the composition of IEC fraction 21 ( Figure  2a) . PAGE with silver staining of these HPLC fractions showed the second peak to consist of a single 24kDa band (data not shown) and this peak was purified by an additional HPLC step (Figure 2b ). The pattern of tryptic peptides obtained by digestion of the protein peak in Figure 2b is shown in Figure 2c and the rechromatography of one of these peaks is presented in Figure  2d . No ATase activity was detected following HPLC presumably because of the denaturing solvents used.
RESULTS
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(1 Table 2 Amino acid sequence of HPLC purified Rat ATase peptides (c)). This and other rechromatographed peaks (see Table 2 ) were subjected to sequencing.
The amino acid sequences of a number of HPLC purified tryptic and cyanogen bromide peptides is shown in Table 2 . The intact protein and peak 5 of Figure 2c were found to be amino terminal blocked.
DISCUSSION
The specific activity of ATase in crude extracts of rat liver is -80fmoles/mg and this corresponds to 0.0002% of total protein. Although this is low in comparison with human liver (25) and some human cells in culture (26, 27) , it is higher than in the liver of gerbils, Chinese or Syrian hamsters or various mouse strains (3). Furthermore, in contrast to other rodents, ATase activity in rat liver can be increased 3 to 5 fold by a variety of treatments (3). Initially whole body irradiated (28) or partially hepatectomised (29, 30) rats were used as a source of induced ATase however these procedures were found to be inconvenient and consequently animals treated with a single dose of 2-acetylaminofluorene (60mg/kg body weight) which increased hepatic ATase activity to around 300fmoles/mg protein (21) were subsequently used.
Various chromatographic media were assessed for purification purposes and in particular Affigel 501 (BioRad), Chromatofocussing (Pharmacia) and Phenylsepharose (Pharamcia) did not acheive enrichment or produced inconsistent results in our hands (data not shown). The effect of changing the order in which the chromatographic media selected were used was also assessed. The final combination adopted acheived the most rapid processing with the least loss in activity although these were still extensive. The chromatographic characteristics of inactive ATase could not be determined since no alternative assay procedure was available. The final non-denaturing purification step (IEC) resulted in a major 24kDa band on PAGE with silver staining and the rechromatographed HPLC peak produced a single band of this size. The molecular weight of this band was as closely as we could determine the same as that found by PAGE and fluorography of the ATase labelled by incubation with [ 3 H]-methylated substrate DNA. Although the IEC purified material still contained some very minor contaminants it is not unreasonable to conclude from the coincidence of the major protein band and the fluorography band that, as with the E.coli ATases, the ATase protein itself accepts the alkyl group from substrate DNA. With the extent of purification acheived prior to the present report it was not possible to exclude that the acceptor protein was a passive participant in the reaction and that the enzyme itself had a different molecular weight. The very small amount of protein recovered from IEC precluded accurate determination of specific activity and this would probably have been an underestimate if inactive protein cochromatographed with the active material.
Final purification of the protein was acheived by reverse phase HPLC of individual IEC fractions. The major protein peak was 24kDa and homogeneous as indicated by rechromatography using a different elution gradient (Figure 2b) . Based on the abundance of ATase in AAF-induced liver, the overall purification was 125,000 fold. Confirmation that a single protein had been isolated would have been provided if the amino-terminal sequence of the rechromatographed protein had been obtained and shown single amino acid residue peaks on analysis. However, this was not possible as the protein was blocked to degradation by the Edman process.
Further samples of HPLC-purified protein were subjected to tryptic or cyanogen bromide cleavage and the products separated and purified by reversed-phase HPLC for sequencing. The amino acids identified in the fragments analysed were frequently characterised by highly degenerate codons. Comparison of the sequences with those in available data banks (31) showed little or no homology with peptide sequences of pro-or eukaryotes. In particular the conserved active site peptide PCHRV of the E.coli and B.subtilis ATases were not found.
Attempts to isolate the rat ATase cDNA using oligonucleotides derived from the peptide sequences are in progress. In initial experiments, two cDNAs have been isolated from rat liver library but neither gave rise to ATase activity when cloned into expression vectors and transferred to E. Coll or mammalian cells.
